Abstract. -New data regarding the placement of the Cretaceous-Paleogene (K/Pg) boundary in New Jersey is presented based on a recent campaign of drill coring boundary sections in the Atlantic coastal plain of southern New Jersey. The occurrence of late Maastrichtian mosasaurs worldwide and in New Jersey is reviewed in light of the continuing controversy over the rate and cause of the extinction at the K/Pg boundary. At the Meirs Farm site in Monmouth County, NJ, the biostratigraphic position of mosasaur specimens (Halisaurus platyspondylus, Mosasaurus hoffmann) is related to the occurrence of an iridium excursion of 0.5 ppb (5x background levels) in the basal Hornerstown Formation just above the upper Maastrichtian New Egypt Formation. Other specimens in museum collections obtained during the acme of nineteenth century marl mining are from this area of the Maastrichtian outcrop belt in New Jersey. It is concluded that late Maastrichtian mosasaurs show no diminution of their biogeographic ranges and are not particularly rare in New Jersey in comparison to older mosasaur faunas. Mosasaurs became extinct in association with the collapse of the marine food web at the K/Pg boundary, and were replaced as apical marine predators in the early Danian by a variety of crocodilians. 
INTRODUCTION
An oft-cited gradulist explanation for the extinction of Late Cretaceous marine vertebrates invokes widespread regression of epicontinental seas during the Maastrichtian and the concomitant shrinking of marine habitats, leading to mosasaur extinction well before the K/Pg boundary [Sullivan, 1989; Hallam and Wignall, 1997; Archibald et al., 2010] . One possible way to test this hypothesis is to look at the latest Cretaceous fossil record of mosasaurs, large marine squamates that were apical predators in Late Cretaceous marine ecosystems. If mosasaurs were endangered and gradually driven into extinction before the end-Cretaceous Chicxulub asteroid impact, then we would expect to see a diminution of their abundance, a decrease in diversity, and shrinkage of their biogeographic range well before the K/Pg boundary. Here for the purposes of this study we will take the Late Maastrichtian to mean the last half of the stage, or the last several million years of the Cretaceous. This study will review the literature on global Late Maastrichtian mosasaur biogeography, then look at the specific stratigraphic distribution of Late Maastrichtian mosasaurs in New Jersey particularly with respect to a new program of coring K/Pg deposits and establishing the stratigraphic relationships of fossil faunas to geochemical anomalies and events at the end of the Mesozoic and the beginning of the Cenozoic Eras.
GLOBAL DISTRIBUTION OF LATE MAASTRICHTIAN MOSASAURS
Late Maastrichtian mosasaurs are known from numerous localities in northern Europe, North America, South America, Africa, New Zealand and Antarctica.
In Europe, upper Maastrichtian marine deposits yield mosasaur remains in the stratotype area of Maastricht in the southern Netherlands, and in nearby beds in Belgium [Jagt et al., 2008; Mulder et al., 1998 ]. In Denmark the white chalks at Stevns Klint have yielded Mosasaurus and Plioplatecarpus [Lindgren and Jagt, 2005] . Elsewhere, in eastern Europe, upper Maastrichtian mosasaur fossils are known from the Wisla valley of Poland [Machalski et al., 2003] .
In the southern Hemisphere, Upper Cretaceous beds of New Zealand contain mosasaur fossils. Some mosasaur material from Seymour Island and Vega Island in the Antarctic Peninsula is late Maastrichtian [Martin, 2006] . Mosasaur specimens are known from 1.5 m and 3.5 m below the K/Pg boundary in northern Patagonia [Fernandez, Martin and Casadio, 2008] . In southern Africa, the "Skeleton Coast" of Angola has an abundance of mosasaur specimens, including some from upper Maastrichtian beds [Jacobs et al., 2009; Polcyn et al., 2010; M. Polcyn, personal communication, 2011] . Northern Africa has produced upper Maastrichtian mosasaurs from the phosphate beds of Morocco [Bardet et al., 2005] In North America, the Timber Creek Member of the Fox Hills Formation in North Dakota has produced fragmentary mosasaur material of late Maastrichtian age [Hoganson et al., 2007] . Fragmentary mosasaur remains have been reported from the uppermost Cretaceous in Missouri, in what has been interpreted as a K/Pg event bed [Gallagher et al., 2007] . Mosasaur material is known from the highest (youngest) ammonite zone of the uppermost Cretaceous in New Jersey [Gallagher, 2005] , and upper Maastrichtian mosasaur fossils have been documented in Alabama [Kiernan, 2003] .
THE K/PG BOUNDARY IN NEW JERSEY
Recent work on the uppermost Cretaceous deposits in New Jersey has established that the stratigraphically highest levels of the Cretaceous are latest Maastrichtian [Landman et al., 2004 [Landman et al., , 2007 , and the K/Pg boundary ejecta layer has been located down dip in the subsurface in the Bass River core, marked by elevated iridium (Ir) levels, shocked quartz, and spherules (altered microtektites) [Olsson et al., 1997] just above the major extinction in Cretaceous planktonic foraminifera at a thin clay clast layer 1260 feet (384 m) below the surface. Since the initial report of an Ir anomaly at the K/Pg boundary in Bottacione Gorge, Umbria, Italy [Alvarez et al., 1980] , this evidence has been interpreted as supportive of the proposal that a large asteroid collided with Earth 65.5 million years ago, ending the Mesozoic Era.
We report here on a drilling program to establish the K/Pg boundary in shallower up-dip sections correlated with outcrop stratigraphy and paleontology [Miller et al., 2010] . Why drill? Drilling offers a number of advantages in areas of limited exposure such as the New Jersey Atlantic coastal plain:
• Subsurface cores present a longer, more complete and continuous stratigraphic record than the thin outcrops available in most of the Atlantic Coastal Plain.
• Core samples are less weathered and less geochemically altered than surface outcrops and preservation of calcareous microfossils is usually better than in outcrop, which may be leached of carbonate.
• Coring of the K/Pg boundary in updip sections allows direct comparison with outcrop stratigraphy and paleontology, especially macrofossils.
• Coring of the K/Pg extinction allows delineation of the relationship of Ir excursions to latest Cretaceous-early Paleogene fossil assemblages.
We selected seven sites located in the updip outcrop belt of upper Maastrichtian-Paleogene sedimentary units, and cored 10 holes. This was accomplished by the United States Geological Survey Drilling Division, using a truck mounted drill-stabilized continuous core auger system. Core recovery from this drilling technology is accomplished by augering with a Lucite tube in the center of the hollow drilling auger that prevents core mixing and assures continuous core recovery.
Several sites that were drilled produced an Ir excursion, including the Meirs Farm site. The core here produced an anomaly of 0.5 ppb Ir (elevated 5x over background) at the base of the Hornerstown Formation [Miller et al., 2010 ] (see fig. 1 ), from above the top of the New Egypt/Red Bank depositional sequence (see table I for stratigraphic terminology).
In the latter part of the nineteenth century John Meirs operated the Cream Ridge Marl Company here, consisting of extensive marl pit excavations on the south end of the farm that dug down into the Hornerstown and New Egypt formations [Baird, 1984 [Baird, , 1986 [Baird, 1984] .
More recently a string of seven mosasaur anterior caudal vertebrae have been excavated from stream bank outcrops on the farm (MAPS 1233a). These specimens can be placed in stratigraphic context with respect to the K/Pg boundary and the Ir excursion. The vertebrae are assigned to Mosasaurus cf. hoffmanni. They were excavated from a level 3.5 meters below the contact between the New Egypt Formation and the Hornerstown Formations; the level of the iridium anomaly in the core was at this contact. So the mosasaur vertebrae were found 3.5 m below the level of the Ir excursion. They are associated with a marine invertebrate fauna consisting of the ammonite Eubaculites carinatus and the bivalves Cucullaea vulgaris and Pecten venustus.
The older collections of mosasaur material that were obtained from the extensive marl mines in New Jersey contain specimens from the outcrop belt of the upper Maastrichtian New Egypt Formation. This formation was known informally as the "chocolate marl" to the marl pit workers of the nineteenth century. Careful review of older collections shows that some of the mosasaur material from New Jersey described by Leidy, Cope and Marsh and reposited in the Academy of Natural Sciences of Philadelphia (ANSP), the American Museum of Natural History and the Yale Peabody Museum was obtained from sites within the outcrop area of the upper Maastrichtian marl beds. As an example, specimens in the ANSP collection from Lumberton, Pemberton, Medford and Vincentown in Burlington County are from old marl mines that penetrated upper Maastrichtian New Egypt beds. In addition, more recent collecting efforts have produced stratigraphically controlled specimens. For instance, a specimen of Prognathodon rapax (New Jersey State Museum # 9827) is from the New Egypt Formation at the Inversand Pit in Sewell NJ, as are two skulls of Mosasaurus hoffmanni (= M. maximus). Multi-element mosasaur specimens from the basal Hornertown Formation fossiliferous concentration are also well documented (ANSP # 15679) [Gallagher, 1993] . Collecting efforts by private collectors, chief among which have been the collectors associated with the Monmouth Amateur Paleontological Society (MAPS), have also produced a number of partial specimens and isolated mosasaur bones and teeth from the upper Maastrichtian New Egypt beds of New Jersey [Gallagher, 2005] .
DISCUSSION
While there may have been some small dimunition of diversity from earlier Maastrichtian faunas, late Maastrichtian mosasaurs were just as widespread and not particularly rare, at least in New Jersey, if compared to other older mosasaur faunas in this area [Gallagher, 2005] . For instance, mosasaur remains are more common in New Jersey upper Maastrichtian deposits than in the Santonian-Lower Campanian Merchantville Formation of New Jersey [Gallagher, 2005] ; although this is not the case elsewhere (Gulf Coast, Western Interior), this pattern may merely reflect available outcrop area. Close relationships between mosasaur populations across the Atlantic [Mulder, 1999] and into the Western Interior suggest wide biogeographic ranges for these large predators, also a characteristic observable in modern large marine predators [Gallagher, 2005] . In New Jersey, locality data for specimens collected in the 19th century in collections of the Academy of Natural Sciences of Philadelphia, the American Museum of Natural History, and the Yale Peabody Museum show that many of these specimens came from the outcrop belt of the uppermost Cretaceous New Egypt Formation that has an Ir excursion at top at Meirs Farm and other sites (Bass River, Search Farm, Buck Pit) [Miller et al., 2010] . More recent work has established that the stratigraphically highest mosasaur remains in this section, primarily Mosasaurus cf. hoffmanni specimens from the basal fossiliferous layer of the Hornerstown Formation [Gallagher, 1993 [Gallagher, , 2005 are associated with an Ir excursion an order of magnitude above background levels, with a Pt/Ir ratio of 1.35 that indicates an extraterrestrial source, in a drill core taken at the Inversand Pit in Gloucester County, NJ [Gallagher et al., 2011] .
Mosasaurus, Prognathodon, and Halisaurus are the late surviving mosasaur genera currently recognized in New Jersey. Of these Mosasaurus hoffmanni was the largest apical marine predator with estimated body lengths of 40 to 49 feet [Russell, 1967] , Prognathodon rapax was an intermediate length shell and/or bone cruncher, and the plesiomorphic Halisaurus platyspondylus filled the niche of smaller shallow water predator occupied by Clidastes in the SantonianCampanian seas. This subdivision of ecological niches is similar to earlier mosasaurian faunas.
CONCLUSIONS
A fall in sea level during the Maastrichtian [Olsson et al., 2002] would have reduced shelf areas and marine habitat area. However, we suggest that mosasaurs could simply retreat into deeper waters and remain in those large areas still covered by the sea. Large scale regression and change in sea-level during the Pleistocene did not leave any trace of a major extinction among odontocetes, the best modern ecological analogue of mosasaurs. The disappearance of the mosasaurs is more probably linked to the collapse of the latest Cretaceous marine food webs as plankton populations crashed at the K/Pg boundary, driven by environmental and ecological effects of large bolide impact [Gallagher, 1993 [Gallagher, , 2002 . Direct evidence for this is the association of mosasaur specimens with the iridium anomalies located by the core-drilling campaign in the New Jersey coastal plain, especially the presence of a widespread Ir excursion in the basal Hornerstown Formation at the K/Pg boundary [Miller et al., 2010; Gallagher et al., 2011] .
In New Jersey, mosasaurs were replaced as apical marine predators by a variety of crocodilians (Thoracosaurus, Hyposaurus, Diplocynodon, Bottosaurus) that radiated into marine niches and became more common in the early Danian [Gallagher, 1993 [Gallagher, , 2002 [Gallagher, , 2005 . Data from other areas such as Brazil [Barbosa, 2008] and Morocco [Jouve et al., 2008] result of global sea level fall and regression. The stratigraphic position of the mosasaur specimens at Meirs Farm and Inversand in relation to the Ir excursion supports the contention that the mass extinction of the Cretaceous fauna represented here at the K/Pg boundary was due to the environmental effects of an asteroid impact, rather than a fauna surviving the K/Pg boundary only to go extinct afterwards [Landman et al., 2007] . The hypothesis that Cretaceous faunas survived the impact is based on identification of an uppermost Cretaceous fauna (the Pinna bed of Landman et al. [2007] ) above the Ir excursion at the Tighe Park NJ locality. However, the Ir peak at this locality occurs at a permeability and porosity redox change and results from secondary geochemical mobilization and redeposition of an original Ir concentration higher in the section [Miller et al., 2010] . It is also possible that while some typically Cretaceous forms survived briefly after the boundary, continuing and protracted environmental deterioration (disruption of oceanic food chains, for example the so-called "Strangelove Ocean") led to ultimate extinction [Gallagher, 1993] .
These are the initial results from an extensive program of coring in the Atlantic coastal plain deposits of New Jersey. Data from core sections taken at other sites in New Jersey await more geochemical and biostratigraphic analysis of K/Pg core samples [Miller et al., 2010] and further research will be reported upon in future papers [Gallagher et al., 2011] .
